Heavy metal ions, particularly mercury ions, are detrimental to human health due to their high toxicity, mobility, and ability to accumulate through food chains or atmosphere in the ecological system[@b1][@b2][@b3]. Cell toxicity of mercury has been intensively studied by environmental and biological communities over the years. Its low concentration but high toxicity makes mercury contamination a global environmental problem[@b4][@b5][@b6]. Therefore, ultrasensitive determination of mercury is essential to provide evaluation index of mercury ions in aqueous environment. However, compared with analysis methods based on sophisticated and time-consuming instruments[@b7][@b8], developing facile and efficient methods for rapid quantitative analysis of mercury ions in real samples remains a challenge.

In the past decade, the field of biological and chemical nanosensors that utilize fluorescent semiconducting materials has witnessed an explosion because of unique optical properties of fluorescent semiconducting materials[@b9][@b10][@b11][@b12][@b13]. Fluorescent probes based on semiconducting colloidal nanoparticles, such as quantum dots (QDs), have received growing attention because of their unique size-dependent optical properties[@b14][@b15][@b16]. These fluorescent colloidal nanoparticles dispersed stably in an aqueous solution are often encapsulated and protected by thiol functional group[@b17][@b18][@b19][@b20]. Previous studies have reported that metal ions could interact with colloidal nanoparticles or fluorescent dyes by coordinate bond such as metal-sulfide bond, which consequently results in drastic fluctuation and quenching of fluorescent intensity due to electron transfer even aggregation of colloidal nanoparticles[@b21][@b22][@b23][@b24]. In light of such signal fluctuation, a series of effective approaches could be used to detect heavy metal ions and to investigate interactions between colloidal nanoparticles and heavy metal ions.

In this work, we take advantage of functionalized Mn-doped ZnSe/ZnS quantum dots to selectively and rapidly detect Hg^2+^ ions in real drinking water. Stable and water-soluble Mn-doped ZnSe/ZnS colloidal nanoparticles with bright yellow emission were successfully prepared through nucleation doping followed by shell epitaxial growth and successive ion layer adsorption and reaction (SILAR). The emission of the fluorescent probe solution is quenched following the addition of mercury ions with a short response time (\<30 s), which is suitable for in-situ chemosensors. The possible interaction between colloidal nanoparticles and mercury ions was proposed and proved by using FT-IR spectroscopy, which revealed changes of surface properties when mercury ions were added.

Results and Discussion
======================

Preparation of Highly Emissive Colloidal Nanoparticles
------------------------------------------------------

Quantum dots could emit fluorescence upon excited by using different wavelengths of light. The intensity of fluorescent signal can be used to indicate the change in the surface microenvironment of colloidal nanoparticles, such as a pH value indicator. To obtain highly emissive colloidal nanoparticles, we firstly prepared Mn-doped ZnSe QDs through a general synthesis route called "nucleation-doping" without using highly toxic organo-phosphines[@b25][@b26]. The Mn-doped ZnSe QDs possessed highly emissive dopant photoluminescence (PL) centred at about 584 nm which is attributed to the ^4^T~1~ → ^6^A~1~ transition for Mn^2+^ ions in the ZnSe lattice ([Figure 1](#f1){ref-type="fig"})[@b27][@b28][@b29][@b30].

To reduce surface traps and lower the non-radioactive transition, the introduction of a wide band-gap ZnS shell is necessary[@b31][@b32]. Before epitaxial growth of an inorganic shell on the core in the aqueous solution, hydrophobic colloidal nanoparticles coated with stearate acid were transferred into water, which makes it convenient for further utilizing colloidal QDs. Mercaptopropionic acid (MPA) was used as a hydrophilic ligand to replace the hydrophobic ligand attached to the surface of the as-synthesized QDs. The replacement of surface ligands successfully occurred, which was confirmed through phase transfer phenomenon (see [Supporting Information, Figure S1](#s1){ref-type="supplementary-material"}). After the formation of a ZnS shell, we observed that the fluorescent intensity was apparently enhanced, which suggests that charge carriers are well confined within the core region and separated from the surface because of the well-defined epitaxial ZnS shell on the surface of the ZnSe core[@b31]. The quantum yield (QY) of Mn-doped ZnSe/ZnS core/shell QDs was improved to 25%, greater than that of bare Mn-doped ZnSe (5%). Meanwhile, the peak of PL shifted from 584 nm to 588 nm, which is attributed to the enhancement of crystal field of isolated Mn ions in the lattice of ZnSe with the growth of the ZnS shell[@b33]. The ratio of thiol to QDs was measured, up to 1870:1, which ensured the water soluble QDs could be stable and emissive in aqueous solution.

FT-IR spectra demonstrated successful ligand change from hydrophobic SA to hydrophilic MPA ([Figure 2](#f2){ref-type="fig"}). The vibration peak at 1538 cm^−1^ attributed to C = O stretching demonstrates that the as-prepared colloidal nanoparticles were encapsulated by original stearate ligands. These characteristic peaks of stearate at 2851 cm^−1^ and 2923 cm^−1^ attributed to C-H symmetric vibration almost disappeared after the ligand exchange. The vibration peak at 1421 cm^−1^ due to S-CH~2~ wagging vibration and the absence of the S-H stretching bond between 2666 cm^−1^ and 2572 cm^−1^ suggest the attachment of MPA molecule to QDs through chemical bond between thiols and dangling Zn atoms of the ZnSe layer[@b32]. Compared with the IR spectrum of pure MPA (liquid film), stretching vibration peak of C = O at 1712 cm^−1^ shifts to a lower wavenumber due to spatial distortion resulting from the high density ligand layer.

The formation of a ZnS shell around the ZnSe core has been confirmed by transmission electron microscopy (TEM). A typical TEM image ([Figure 3a](#f3){ref-type="fig"}) shows that the average diameter of Mn-doped ZnSe/ZnS core/shell colloidal nanoparticles is about 6.0 nm. The hydrodynamic diameters ([Figure 4](#f4){ref-type="fig"}) were further determined by dynamic light scattering (DLS). In agreement with TEM results, the hydrodynamic diameters of as-obtained colloidal nanoparticles are 6.5 nm, which indicates that the dispersed QDs turned out to be individual monomeric state. The larger diameter in the DLS data is due to the outmost hydration layer which increases the diameter of colloidal nanoparticles[@b34].

Influence of pH Values on the Stability of Colloidal Nanoparticles in an Aqueous Solution
-----------------------------------------------------------------------------------------

To understand effects of aquatic condition on the as-prepared fluorescent colloidal nanoparticles, we investigated the stability of MPA-coated Mn-doped ZnSe/ZnS colloidal nanoparticles under different pH conditions. The stability of colloidal nanoparticles in water depends on the interaction balance between van der Waals attractive forces and electrostatic repulsive forces among these colloidal nanoparticles according to Derjagui-Landau and Verwey-Overbeek theory (D.L.V.O theory)[@b35][@b36]. The surface potential of colloidal nanoparticles could to some extent influence the stability of colloidal nanoparticles[@b37][@b38]. To confirm the correlation, we added the water-soluble samples into solution with different pH values to tune the surface potential of colloidal nanoparticles[@b39][@b40]. We observed that the fluorescent intensity of samples increased with the increase of pH values ([Figure 5](#f5){ref-type="fig"}). In the meantime, the trend of changes in QY is similar to that of emission intensity (the inset in [Figure 5](#f5){ref-type="fig"}). These results show that pH values could influence physical and chemical properties of colloidal nanoparticles. When pH values changed from 11 to 7, the dissociation reaction of thiol function groups played a key role in the surface potential of colloidal nanoparticles. When pH value of the solution was lowered to 5.0, the deprotonized thiol and carboxylate were protonized and the resulting ligands were separated from the surface of colloidal nanoparticles due to the dissociation reaction in the solution according to our previous studies[@b32]. As a result, surface traps were exposed, which reduces the possibility of irradiative recombination.

Ultrasensitive Detection of Hg^2+^ Ions
---------------------------------------

Upon the addition of Hg^2+^ ions into water-soluble colloidal nanoparticles, apparent changes in the photoluminescence spectra can be observed from [Figure 6a](#f6){ref-type="fig"}, which shows the fluorescence intensity of MPA-coated colloidal nanoparticles in the presence of Hg^2+^ ions (0--20 nM) in the phosphate buffered saline (PBS, 10 mM, 7.4) buffer solution. The emission intensity of colloidal nanoparticles was quenched obviously with the addition of Hg^2+^. Meanwhile, the clear solution rapidly became turbid due to the aggregation of colloidal nanoparticles. In general, ligands with thiol functional groups usually act as a useful protection layer to prevent colloidal nanoparticles from aggregating during synthesis and storage. However, we found that the characteristic peaks of ligands disappeared, such as C-S bond at 1419 cm^−1^ and C = O bond at 1546 cm^−1^, after the addition of mercury ions ([Figure 7](#f7){ref-type="fig"}). The aggregation of colloidal nanoparticles is, therefore, attributed to the separation of the organic passivation layer from the surface of colloidal nanoparticles in the presence of Hg^2+^ ions ([Figure 8](#f8){ref-type="fig"}). The emission signal response to mercury ions could thus be utilized to detect mercury ions in aqueous solution. For the as-fabricated chemosensor, the limit of detection (LOD) is 0.1 nM which is lower than those of chemosensors based on QDs reported in our previous study and by other research groups[@b21][@b32][@b41]. Compared with our previous study, Mn dopant in this work enhances the emission intensity of QDs and acts as a signal donor, which is beneficial for amplifying the effect of mercury ions, thereby improving the sensitivity and lowering the limit of detection.

Selectivity for Mercury Ions
----------------------------

In order to investigate the selective interaction between colloidal nanoparticles and Hg^2+^ which is necessary for practical applications, the luminescence features of colloidal nanoparticles were measured in the presence of nine heavy metal ions other than Hg^2+^, including Co^2+^, Cd^2+^, Ag^+^, Pb^2+^, Fe^3+^, Cr^3+^, Cu^2+^, Zn^2+^, and Ni^2+^. MPA-coated Mn-doped ZnSe/ZnS colloidal nanoparticles did not show significant responses to these metal ions ([Figure 9](#f9){ref-type="fig"}). This result suggests that compared with Hg^2+^ ions these heavy metal ions only slightly quenched the photoluminescence intensity of colloidal nanoparticles due to the weak affinity between these heavy metal ions and the thiol. The relative bond strength of metal-sulfides is determined by their respective *K*~sp~ value[@b42][@b43]. The slight quenching of emission by adding other heavy metal ions shows that the fluorescence of QDs also partially or completely quenched due to adsorption of heavy metal ions to the surface of QDs when high concentration of other heavy metal ions were added into thiol-coated QDs[@b44]. To further test the selectivity of probe solution, the fluorescence emission of MPA-coated Mn-doped ZnSe/ZnS colloidal nanoparticles could still be completely quenched by adding Hg^2+^ ions into probe solutions in the presence of other heavy metal ions ([Supporting Information Figure S2](#s1){ref-type="supplementary-material"}), which indicates that other heavy metal ions have small influence on the interaction between mercury ions and surface thiol ligands within the range of measurements. Furthermore, these infrared characteristic peaks of ligands did not disappear even though other heavy metal ions were excessively added into the probe solution ([Supporting Information Figure S3](#s1){ref-type="supplementary-material"}).

Detection of Real Samples
-------------------------

In order to identify the performance of the above chemosensor, we attempted to detect the concentration of mercury ions in drinking water samples. The sample collected was first filtered through a 0.22 μm membrane, then centrifuged for 5 min at 10000 rpm and detected according to the general procedure with three successive runs. Based on the data obtained using the above procedure, the linear range of 0 nM to 1.5 nM was fitted into the equation of *I*/*I~0~* = 0.969 − 1.555 × *C*, where *C* is the concentration of mercury ions in samples ([Figure 6b](#f6){ref-type="fig"}). The experimental data resulting from the average of the three runs are displayed in [Figure 10](#f10){ref-type="fig"}. The probe solution shows a high selectivity to mercury ions against a background of competing analytes, which displays a good applicability in real samples.

In conclusion, we have successfully fabricated Mn-doped ZnSe/ZnS colloidal nanoparticles through a nucleation doping process followed with SILAR. The resulting colloidal nanoparticles were applied to detect mercury ions up to 0.1 nM in drinking water. The doping of Mn not only increases the emission intensity of quantum dots, but also improves the sensitivity of the chemosensor. The strong bonding between thiol(s) and Hg^2+^ ions was critical for selective detection of mercury ions through IR analysis, which confirms the presence of thiol ligands and thus explains the aggregation of QDs.

Methods
=======

Materials
---------

Selenium powder (Se), mercaptopropionic acid (MPA), and n-dodicanethiol (DDT) were purchased from Acros Organics. 1-octadecene (ODE, 90%), oleylamine (OAm, 98%) was purchased from Tokyo Chemical Industry Co., LTD. Stearate acid (SA), Sodium stearate (NaSt) and Zinc stearate (ZnSt~2~) were purchased from Sinopharm Chemical Reagent (Shanghai, China). All other reagents were of analytical grade and used without further treatment.

Synthesis of Manganese Stearate (MnSt~2~)
-----------------------------------------

In a typical synthesis, NaSt (20 mmol) was dissolved in 80 g of methanol and heated to 50--60°C for 2 h until it became a clear solution and was then allowed to cool to room temperature. The solution of MnCl~2~ was prepared by taking 10 mmol of MnCl~2~ in 10 mL of methanol and mixed with the NaSt solution under vigorous stirring for 2 h. A white precipitation of MnSt~2~ slowly flocculated. The obtained precipitations were repeatedly washed with methanol and dried under vacuum at 50°C.

Synthesis of Mn precursor and Zn precursor
------------------------------------------

The manganese precursor solution was prepared by mixing ODE (2.0 mL) with MnSt~2~ (0.0414 g) and heated at 100°C until a formation of transparent solution. The zinc precursor solution was fabricated through adding ODE (5.0 mL) into the mixture of Zn(St)~2~ (1.2008 g) and HSt (0.1081 g), and then temperature was raised to 150°C until solid reagent was completely dissolved under an inert atmosphere.

Preparation and Characterization of Colloidal Nanoparticles
-----------------------------------------------------------

Selenium powder (0.0790 g) and oleylamine (200 μL) in 20 mL ODE were added into a 50 mL three-neck flask and degassed at 120°C for 15 min by bubbling with nitrogen. The temperature of the mixture was then increased to 280°C and kept at the same temperature until selenium powder was completely dissolved. The manganese precursor solution (1 mL) was injected into the reaction flask at 280°C. And the reaction mixture was rapidly cooled to 260°C, lasting for 4 min to form MnSe nanoclusters. After the reaction temperature was lowered to 240°C, ZnSt~2~ stock solution in ODE (0.5 mL) was injected into the reaction mixture for the formation of a ZnSe shell. 0.25 mL of oleylamine was added into the reaction solution to activate the zinc carboxylate. After growth for 50 min, the second and third ZnSt~2~ stock solution (0.5 mL, respectively) were injected, each of which was followed by the same amount of oleylamine. The growth process of Mn-doped ZnSe QDs was monitored through UV-vis and PL measurement by taking aliquot samples. Finally, the reaction was allowed to cool down to room temperature, and the nanocrystals were purified by using a methanol/hexanes extraction process.

Prior to the growth of the ZnS shell, the core transferred into the aqueous solution by ligand exchange. A part of the as-obtained Mn-doped ZnSe QDs was redispersed into 2 mL chloroform solution. And 500 μL of MPA was added into the above solution, which was sonicated for 30 min to completely finish the exchange process. The precipitation was centrifuged, washed for at least three times using chloroform, and re-dispersed into a PBS solution. Highly luminescent, water soluble Mn-doped ZnSe/ZnS core/shell QDs were prepared through the successive ion layer adsorption and reaction (SILAR)[@b45]. The as-prepared water soluble MPA-capped Mn-ZnSe colloidal solution was diluted to 30 mL using deionized water in three-neck flask. And then a 10 mL of fresh aqueous solution containing zinc acetate and MPA was added into the colloidal solution under N~2~ flow by stirring at room temperature. The pH value of the solution was adjusted to 11.0 using 2 M NaOH solution. The amount of zinc acetate and MPA (the molar ratio of Zn/MPA = 1:5) determines the desirable shell thickness of ZnS and the volume of the ZnSe core. The volume ratio between the core and the shell can be obtained using bulk lattice parameters of zinc blende ZnS. After 30 min stirring, The Na~2~S aqueous solution was added into the solution (molar ratio of Zn/S = 1:1) at a step of 1 mL/min. The mixture was refluxed at 100°C for 2 h under stirring, and then Mn-doped ZnSe/ZnS core/shell QDs were obtained. The reaction was terminated by cooling the reaction mixture down to room temperature. The obtained MPA-capped Mn-doped ZnSe/ZnS core/shell QDs was purified *via* the standard two-step centrifugation process with the addition of acetone and ethanol to remove unreacted precursors. The as-obtained Mn-doped ZnSe/ZnS core/shell QDs were dispersed in the PBS buffer solution.

The UV-vis absorption spectra were taken on a spectrometer from Shanghai Tianmei Tech Ltd UV1100. The room temperature PL spectra of the QD samples were measured using a Hitch F-4500 fluorescence spectrometer. The PL quantum yield (QY) for Mn-doped ZnSe/ZnS QDs were calculated through referencing to a standard (RhB 6G in ethanol, QY = 95%, emission range: 500--700 nm) using the following equation[@b32]. where *ϕ* and *ϕ′* are the PL QY for the QD sample and organic dye, respectively; *I* (QD) and *I\'* (dye) are the integrated emission peak areas at a given wavelength; *A* (QD) and *A\'* (dye) are the absorption intensities at the same wavelength used for PL excitation; *n* (QD) and *n\'* (dye) are the refractive indices of the solvents. According to the above-mentioned equation, we estimated the QY of Mn-doped ZnSe/ZnS quantum dots as 25%. TEM images were taken on a FEI TECNAI transmission electron microscope at an acceleration voltage of 200 kV. The suspensions of Mn-doped ZnSe/ZnS QDs were air-dried on a carbon-coated copper grid for TEM measurements. The FT-IR spectra were recorded on a VERTEX 70-FTIR spectrometer. Heavy metal ions were added into the probe soution and then the samples were separated from the solution followed by vacuum drying. The as-obtained powder samples were characterized by the FTIR spectrometer.

Addition of Heavy Metal ions in Colloidal Nanoparticle Solution
---------------------------------------------------------------

5 μL of Hg^2+^ ion solution (20 nM) was added into 1 mL of the as-obtained solution containing colloidal nanoparticles. Experimental conditions for other heavy metal ions were the same as those for Hg^2+^ ions. Interference experiments were conducted through adding 5 μL of Hg^2+^ ions into the solutions in the presence of other heavy metal ions. The mixture was incubated for 30 seconds and then the fluorescence emission spectra were recorded at room temperature. Each spectrum was recorded repeatedly for at least three times. After the mercury ions completely reacted with functionalized QDs, the fluorescent intensity was stable, which is beneficial for taking accurate data. Therefore, fluorescent intensity of probe solution at 588 nm as a function of time was measured after adding mercury ions. By means of several measurements, 30 seconds as a response time is enough to obtain stable fluorescent data.

Detection of Real Samples
-------------------------

Drinking water was prepared as real analysis samples. The samples were filtered using 0.22 micrometer membrane to remove small solid particles followed by adding mercury ions. Different concentrations of mercury ion were prepared using these real samples as solvents for further use. The detection procedure for drinking water is the same as that mentioned above.
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![Photoluminescence spectra of Mn-doped ZnSe QDs and Mn-doped ZnSe/ZnS QDs.\
The excitation wavelength was 420 nm.](srep05624-f1){#f1}

![FTIR spectra of the samples before and after the ligand exchange.\
(A) pure Zn stearate, (B) stearate acid-coated QDs, (C) pure MPA, (D) MPA-coated QDs.](srep05624-f2){#f2}

![TEM (a, b) and HRTEM (c, d) images of MPA-coated Mn-ZnSe/ZnS QDs.](srep05624-f3){#f3}

![Hydrodynamic diameter of MPA-coated Mn-ZnSe/ZnS QDs measured by dynamic light scattering.](srep05624-f4){#f4}

![Fluorescent spectra of MPA-coated Mn-ZnSe/ZnS QDs under different pH values.\
The inset: a correlation between QY of the samples vs. pH values.](srep05624-f5){#f5}

![(a) Photoluminescence spectra of MPA-coated Mn-ZnSe/ZnS QDs in PBS buffer (pH = 7.4) in the presence of different amounts of Hg^2+^ ions (0--20 nM). The excitation wavelength was 400 nm. (b) Calibration curve of the QD fluorescence at 588 nm *vs.* \[Hg^2+^\] (0--1.5 nM). The inset: a linear relationship between I/I~0~ at 588 nm *vs.* \[Hg^2+^\] (0--1.5 nM), R^2^ = 0.981.](srep05624-f6){#f6}

![FT-IR spectra of MPA-coated Mn-ZnSe/ZnS QDs in the presence of mercury ions (1 μM).](srep05624-f7){#f7}

![The proposed sensing mechanism for Hg^2+^ ions based on metal-induced aggregation of QDs.](srep05624-f8){#f8}

![The fluorescent response of MPA-coated Mn-ZnSe/ZnS (λ~max~ = 588 nm) in the presence of various heavy metal ions at 20 nM.\
The excitation wavelength was 400 nm.](srep05624-f9){#f9}

![Determination of Hg^2+^ ions in drinking water samples using the proposed method (dark gray column).](srep05624-f10){#f10}
